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Introduction 


In fairly rapid succession, two Japanese communication satellites, Ayame I 
and II, and the RCA SATCOM III spacecraft failed during the firing sequence of 
the Apogee Kick Motor (ARM) in such a manner as to suggeut a single common casual 
failure mode. Individual reviews of these three flights have all focused on the 
failure of fee AKM as the single most probable event lead^'.ng to the nonsuccess 
of the mission. More recently, the PAM-D upper stage has been incorporated 
within the configuration of the DELTA launch vehicle; however, its propulsor, 
the STAR 48 motor, suffered a massive failure during the latter stages of its 
testing program (DM-2). In view of this pattern, a prudent course of action 
would be to look at these incidents in unison. As a first step in this direction, 
the purpose of this independent review is to correlate/compare the circumstances 
of the Ayame incidents and the failure of the STAR 48 (DM-2) motor, and in the 
context of a postulated massive nozzle failure of the AKM, determine the Impact 
on spacecraft performance. 

2.0 Ayame I and II Description 

The launch vehicle for the Ayame I spacecraft was of the three-stage N-1 
configuration. The first stage propulsion system was composed of the basic 
Thor LOK-RP tankage, the Rocketdyne MB-3 motor, and three Castor II strap-ons. 

The second stage propulsion system essentially consisted of the NASDA/Delta 
A.erojet N 204 -Aerozene 50 rocket motor. The Thiokol STAR 37N solid rocket motor 
comprised the third stage propulsion system. The AKM for the Ayame I was the 
Aerojet SVM-2 solid rocket motor. Ayame II was of an identical configuration 
and served as the back-up for Ayame I. Additional information pertinent to 
the National Space Development of Japan (NASDA) space program and characteris- 
tics of its various space vehicles can be found in the Universal Systems, Inc. 
(now Integrated with Hadron, Inc.) report, "Implications of Ayame Failure for 
the Delta Project" dated September 7, 1979. 
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3.0 


Payload Assist Module (PAM) Description 


The Payload Assist Module (PAM) was developed by McDonnell Douglas on a 
commercial basis for use either on expendable launch vehicles or for deploy- 
ment of satellites from the cargo bay of the Space Shuttle. Two versions have 
been developed. The PAM-D system will be used for spacecraft of the size that 
will permit either launch by the DELTA or operation from the shuttle whereas 
tlie PAM-A will be operated only from the shuttle. When combined with the DELTA 
3920, PAM D is capable of lifting a 2750-lb. payload, including the AKM, into 
a geosynchronous orbit. The propulsion system for the PAM-D is the STAR A8 
solid rocket motor developed by Thiokol. The first flight featuring the PAM-D 
was DELTA 153 and employed the STAR 30B motor as an ARM. 

A.O STAR Series Rocket Motors 

The Thiokol STAR series of rocket motors has been utilized in more than 
1300 successful flights and has proved to be extremely reliable. With the 
exception of the STAR 48, the majority of the STAR series are relatively small 
motors ranging in weight from the approximately 14 lb. STAR 6 (200 successful 
flights) and 60-lb. STAR 12 (350 successful flights) to the 2470 lb. STAR 37E 
(51 successful flights). The STAR 37E can be considered a companion motor to 
the 4660-lb. STAR 48, although the STAR 37E is of somewhat differing design, 
i.e., front-end ignition, and nozzle material of composite asbestos, glass, 
and carbon phenolic. 

4.1 Characteristics of the TE-M-364 (STAR 37) 

The Thiokol TE-M-364 family of rocket motors has as its origin the main 
retro motor for the Surveyor (Lunar Lander) Program and as such was designated 
the TE-M-364-1 or STAR 37. The major components of that motor consisted of a 
spherical steel case of 37 Inches diameter, a glass cloth, carbon cloth, and 
bulk carbon fiber composite Impregnated with phenolic resin nozzle, and 1230 
lbs. of composite propellant. As the TE-M-364 series expanded, the major 
changes to the basic motor have been the replacement of the steel ^case with a 
titanium case, a variation in the design of the case from the spherical shape 
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£0 a more elongated shape depending on the specific mission^ an increased pro*- 
pellant weight with some change In its cc«po8ltlon» and a modification to the 
composite mozzle material. The STAR 37N (TE~M-364-’14) motor (the NASDA third 
stage motor for the N-I configuration) uses the grain configuration (TP-H-3062) 
and propellant loading (1230 lbs.) of the STAR 37 Surveyor Main Retro, and the 
motor case (steel) and nozzle components of the STAR 37D (TE'*M-364'-3). The 
STAR 37 D Itself was used as the third stage motor for the DELTA 1913 vehicle. 

A total of six (6) STAR 37N engines were fabricated of which four (4) were supr* 
plied to the Japanese curing the 1976-7 time frame. Figures 4.1.1 and 4.1.2 as 
provided by Thiokol present specification information relative to the STAR 37N. 

4.2 STAR 48 (TE-M-711-3) Motor Description 

The PAM-D STAR 48 motor comes In two versions. One version, for use during 
space shuttle missions, contains 4400 pounds of propellant which can be "off loaded" 
(machined) to a weight of 3833 pounds. The other Is for use In Delta-launched 
missions and has an 8-lnch longer nozzle and a propellant weight of 4400 pounds. 

The composite propellant used within the STAR 48 is designated TP-H-3340. 

Its composition and theoretical properties are listed in Figure 4.2.1. It is 
to be noted that all STAR motor composite propellants, unlike double-based pro- 
pellants, are very stable and not subject to detonation. 

STAR 48 PROPELUNT OOHPOSITlON AND THEORETICAL PROPERTIES 


ooHrosmoN 

SOLIDS, Z 
AI, X 
AP, X 
tux, X 

HTP8 

89 

18 

71 

THEORETICAL PROPERTIES 

(1000 PSIA) 

ISP ■ 50), SEC 


c*, rr/sEc 

5223 

Tp °r 

6113 

p, lb/in.3 

0.06 55 


Figurt A. 2.1 
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iLKTON DIVISION 


• STAR 37N 
T£M364>14 
37.S<KS-8,900 
N VEHICLE UPPER STAGE 



Tbt STAR 37N motor lUM the gnia eoBfifuratloo Kod propoUast loodtng of th« RTAR 37 Survtyor Mala Ratro aad Uit motor 
eaaa aad aottla oompooaata of tba STAR 37D Improvod Dalta Third Staga. 


MOTOR PERFORMANCE 


Burn Ttmc/ActloD Tima (t|,/tg). aac 37. 3/39. G 

Ignition Oalay Time <t^), aac 0. 160 

Bum Time Arg. Cham. Praaa. (I^, pala 660 

AettoB Tima Avg. Cham. Praaa. pala 640 

Maximum Chamhar Praaaura (P -... 1. pala 620 

Total Impulaa (Ix). >hf-aac 357,500 

Propallaat Spadfle Impulaa (Igp), Ibf-aac/lhm 290.2 

Efiactiva Spadfle Impulaa, Kf-aac/lbm 267.1 

Bum Tima Aaaraga Thnuit{T^), tbf 1,900 

Maximum lliruat Ibf 9,600 


*75*F, Vacuum, 110 ipm 


WEIGHTS, Ibxn 


Total Loaded 1,372 

Propellant 1,232 

Caae Aaaambly 69. 9 

Noxalc Aaaambly 47, 1 

Igniter Aaaambly (with machaalcal S&A) 6. 2 

Mteraal laaulatlon 16.0 

Linar 1. 0 

Miacellanaoua 1. 6 

Total Inert (Igniter propellant not laeludad) 140. 0 

Burnout 129. 6 

Propellant Mnaa Fraction 0. 90 

TEMPERATURE LIMITS 

Operation 90*F to 90*F 

Btomga 40*F to 100*F 



Figure 4.1.1 


;:l«GINAL PAGR B 
fi-'blK QIIAUfT 


*STAR37N 
TEM>364t4 
37.6-KSB.eOO 
N VEHICLE UPPER STAGE 


eLKTON PtV/S/ON 



CASE 


PROPELLANT 


Material LidlBh D6AC Rtoel 

Minimum Ultimate StreoKtA, pai t20, 000 

Minimum Yield RTao(th, pat 100,000 

Hydroatatic Taat Praaaurc, pai T07 

Minimum Burat Praaaura, pal ISO 

Hydroatatic Teat Preaaurt/ Maximum Preaaure 1*05 

Burat Preaaure/Maximum Preaaure I.IS 

Nominal Tbldmcaa, U. O.OSO 

NOZZLE 

Compoatta Olaaa Clotb t Carboo Cloth 
Body Material Impracaatad with PhanoUc Raatn 

Throat Inaert Material Orapla^l-TIta O-tO 

taltial ThrCifit DtaaeUr, la. S, tO 

^t Diameter, In. 14.1 

Expanalon Ratio, latatl/ltBal U. 1/52.0 

fiqanaloa Coee Half Anglca, Cdt/Eff, def 14.1/16.1 
Type naad 

Number of Noezlea 1 


UNER 

Type 

Deaelty, Ibn/la, ^ 

IGNITER 

Thlokot Model Daalgnatioa 
Type 


TL>H-104 

0.046 


TC-P-U6 

Prrocao 


Propellant Deai*natiaB aad Fomulattoo TP-H-lOOl 
CTPB Binder - 14% 

Al-16% 

AP - 70% 

PROPELLANT CONFIGURATION 

Type 7-Pa4nt Star 

Web, la. 10, 16 

Web Fraction, % 66 

nivar Fraction, % 1.6 

Propellant Volume, in, ^ 16, 700 

Volumetric Loading Dcnalty, % 76.0 

Web Average Burning Surface Area, la.* 1,665 

toitlal Surface to Throat Area Ratio (Kq) 116 

PROPELLANT CHARACTERISTICS 

Bum Rate • 1000 paia (rbl. in. /aac 0.601 

Bum Rate i^ponant (n) 0. 61 

Denaify, !^-.a/lB.6 9.0626 

Temperature Coefficient of Praeaure 

Characteriatic &diBuat Velocity fC*), ft/aac 6,025 

Adiabatic Flame Tampereture (Tf),*F 6, 662 

Effective Ratio of Specific Heate (Chamber) 1. 16 

(Nouale BMt) 1.11 

CURRENT STATUS Preducttoa 


/JkcO^SO^/iLKTOtt OlVISiON • 


• A DIVISION OF TNIOFOL COUFOUATION 


Figure 4.1.2 
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tLKfON DimiON 


)STAR4t 

riM711>3 
•4KS76,000 
UrPCR STAGE MOTOR 



Tht ITAR 41 motor ii bolng divolopod for tlw MeDormoD OcuigUi foylood Amiit Module (PAM). Hm biiole ooroien (TE-M* 
Ttl'S), pUnnod for fTl mWera, oonUim 4400 poun* of prepoUi;knt ond hoo on ovoroll loiifth of Tl inohoo. Offlood oopa- 
bDIty to 1033 pounds of p«opoBtnt (TE>M>T11>4) will otae bo quaUfiod. Vorslena with an l>inotr-longar noaala, ant fully 
leaded (TE'M>71l*f), and one offloaded to 1144 pounds of prepeUan'< (TB*M«7tM)» islll bo qualified for «• In Dalta> 
launched fflioelons. 


MOTOR PERFORMANCE* 


Bum Time/ Action Time (t^/tg), aoc M.O/IO.l 

Ignitian Delay Tiinc (t^), tee 0.05 

Bum Time Avg Chamber Proawrt (PJ, peia 100 

Action time Avg Chamber Promum (Pg). pole IIS 

Mailmum Chamber Praanire (Priu)> pm* *34 

Total Impulae (U), lbr<eoe l,3lOtOOO 

Bum Time Impulae (1|,), Ibf^ec lifl0,000 

Propellant Spwific Impulae, lbf*«oe/lbm tfO.7 

Effective SpMifie Impulse, Ibf’oee/lbm tll.l 

Bum Timt Average Thruat (P^), |bf 11,000 

Action Time Average Tlvutt (Fg), Ibf 14,000 

Maiimum Tlmiat fl'pigi)* Ibf 17,300 


Hotel TE>M*7I1'4 motor with O- to eh-lengar noBlo dalivora 
an offactive ^ of 304.1 lbf«ooe/lbm 

70^, vacuum, 100 rpm 


WEIGHTS, Ibm 


Total Leaded 4000 

Propellant 4403 

Caae Aasembly 130 

Noaele AlaemMy II 

bitemal fewulation 00 

Liner 3 

BAA/ETA 0 

Miacellaneoue I 

Tote] Inert (aieluding ignitor propellant) 300 

Burnout 330 

Propellant Maaa Fraction 0.04S 


T!7>MPERATURE LIMITS 

OpoiatiOB 30 to XIO’F 

Blorase 00 to lOO'F 



Figure 4.2.2 
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iLKrON DIVISION 


* STAR 48 
TEM711.3 
•4-ICMS,000 
UPRER STAGE MOTOR 



RJ 


*i 


CASE 

Material 

8A1-4V Titanium 

Miaimuia UlUiiaate ltmg)b, pal 

165,000 

Mlalmum Ylald Btraagth, p.ii 

156,000 

Hydroatadc Taat Praaaura, pal 

792 

Minimum Burnt Praaaura, pat 

060 

HydrontaUe Taat Praaaura/Maxlfflum Praaaura 1.06 

Burnt Proaauro/Maxlmum Pnaaura 

1.25 

NoaUaal TblcloMoa, la. 

0.068 

NOZZLE 

Exit Conn Malarial 

2-P Caiten/Carboo 

lltfoat hwart Material 

Onpb-l-TIta C-80 

feudal niraal Dlamatar, In. 

S.08 

Bait Dtamatar, la. 

26.06 

Cxpanaloo Rado, laltial/Avaraga 

28.6/95.0 

Expanalon Cona Hall Aaglaa, Bdt/Etf. dag 18.1/lg.l 

Type 

Flaad Coolourad 

Nuaibar of Nocalaa 

1 

LINER 

lyp* 

TL>H*218 

Daaal%r, IMa/la.* 

0,098 

IGNITER 

nUokal Modal Doalgnadon 

Medal 2190 ifeA 

lypa •4A/CTA/rBl/laltlator/Tenldal Pyrogaa 

Minimum Plrlag Cuirnt, amparaa 

1.0 

Circuit Raaiatnaca, afenm 

2.1 

Mo. of Patonaton and TBTa 

2 


PROPELLANT 

PropcUiat DtaicwUofl and FormultUoa TP*!l-9A4i) 

A1 19% 

AP - n% 

HTPB Btwiar > 11% 

PROPELLANT CONFIGURATION 
Typ* latomal-BurBlBg, fbidUl«Slott«d SUr 


Wtb, la. 10.47 

Web Praetioa, % M 

nivtr FncUon, % 0 

PropclItBt Voiluna, 1 d>^ CT.BOO 

Voliunatric Loadiai Dtutty, % 02. 6 

Wtb Avanga Buniag SuHkca Araa, la,* 9900 

feudal feurfaca (o llu'oat Araa Ratio (Kb) 

PROPELLAJ^n’ CHARACTERISTICS 

Bun Rata • iOOO paia (r|^, la. /aac 0.182 

Bun Rata DipoBaat (a) 0. 90 

Daaaiiy. lbm/ln.9 0.0891 

Taaparatura Coattlelaat of Praaaura 

("k>. %/**F 0.10 

Chanetarlatle Ddiauat Valocity (C*), ft/aac 0120 

Adiabatic Flama Tampantura ft)), *F 0119 

Btfaedva Rado of Ipaollic Uaata (Chaabar) 1. 19 

qfoulaBalt) 1.11 

CURRENT STATUS Davalopaoot 


T/78 


tLKTOMOtWSSm m P.A«aaJi8r.fttMa,MvFMPr»r • M OIVtSION Of fNIOKOL COKMMMION 


Figure 4.2.3 
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The specification* for the STAR 48 motor are Itaaized in Figures 4.2.2 and 
4.2.3, Of special note pertinent to this study is the 2-D carbon/carbon exit 
cone material,* 


4.3 STAR 37N/STAR 48 Comparison 


Significant differences exist between these two motors. The STAR 37N is ,a 
hybrid assembly of proven components but represents older technology} whereas, 
the STAR 48 is a more recent development and incorporates the latest state-of-art 
with respect to materials and design. Figure 4.3,1 reflects a comparison of the 
mote prominent characteristics of each. 


STAR 37N 
37 «S sec 
357,500 lbf-«tc 
9,600 Ibf 
1,372 lb. 

1,232 lb. 

TP-H-3062 
7-polnt Sc«r 
Udl(h D6AC Steel 
Conpoeltc Glaee Cloth 
end Carbon Cloth lapreg. 
Phenolic Reiln 
Graph-l'Tit* E-90 


SURN TIKE 
TOTAL IKPlrtSE 
MAXIMUM THRUST 
TOTAL WEIGHT 
PROPELLANT HEIGHT 
PROPELLANT DESiqNATX!» 
PROPELLANT TYPE CONFIGURATION 
CASE MATERIAL 
NOZZU EXIT CONE 


NOZZLE THROAT INSERT MATERIAL 


STAR A 8 
64.0 aoc 

1,260,000 Ibf-aoc 
17,200 Ibf 
4,660 lb. 

4,402 lb. 
IP-H-334Q 

Radial Slotted Star 
6A1-4V Titanium 
ZD Carbon/Carben 


3D Carbon/Carbon 


Figure 4.3.1 

Because of their dissimilarities, little correlation exists between these 
two motors. As previously stated, the STAR 37N was developed solely for the 
Japanese N-1 configuration. Only six were constructed and all have been expended. 
No difficulties were encountered by the Japanese regarding 37N operation. Since 
the Japanese have progressed to the N-2 configuration it is unlikely that 37N 
production will be reinitiated. As a result, no further attempt will be made 
to establish a correlation between the STAR 37N and the PAM-D STAR 48. 


4.4 STAR 48 (DM-2) Failure 

On 17 December 1980, during the latter stages of its qualification programs 
(Q-8), the STAR 48 motor (DM-2) suffered a major failure shortly after propellant 
ignition. As of this date, an investigation is still underway; however, much 
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Infornation is avsllsblt upon which sows ptcliainary conclusions hsvt bscn drawn 
ani this indapondcnt analysis basad. 

In asscncsi tha first avidanca of tha inpanding failure was tha observance 
of visible flaae exiting perpendicular to tha exit 4*ora outer 'Jliaaetar downstream 
from nozzle closure 5.616 seconds after propellant ignition. Immediately there- 
after the exit cone broke up and was destroyed. The submerged portion of the 
nozzle was expelled at approximately 18 seconds after propeMant Ignition with 
coincident termination of motor operation. Initial observations noted during 
the investigation are reflected in Figure 4.4.1. FN^sed on those observations 
candidate failure causes consisted of pre-test on in-test damage, defective 
part(s), design deficiency and/or a combination of causes. 

rZELDUHSRY OSSERVATXOHS 

1. lALLlSTlC KRroMANce SORHAL. 

2. r AND fc AXE ODNSXSTENT WITH LOSS OF EXIT CONE, 

3. TliROAT PACK PERFORMED OK. 

4. NOZZLE INSUUTOR ID IBNXHALLY AFFECTED RY FLOW. 

5. rXIT CONE PHENOLIC INSUUTOR FRAGMENTED; FRACTURE SURFACES SHOW LITTLE 
OR NO FLOW. 

6. FLOW THROUGH SIDE OF EXIT GONE PERPENDICUUR TO NOZZU AXIS OISERVED NEAR 
CASE/aOSURE INTERFACE. 

7. NEAR INSTANTANEOUS FRACWNTATION OF EXIT CONE AFTER FLOW OISERVED THROUGH 
SIDE. 

e. FRAGMENTS FROM FORWARD PORTION OF EXIT CONE HAVE NOT SEEN RECOVERED. 

9. VISUAL EXAMINATION (INaUDINC ALCOHOL WIPE OF EXIT CONE FLOW SURFACE) OF 
MOTOR BEFORE FIRING REVEALED NO PROBLEMS, 

10. NO EVIDENCE OF EXTERNAL EFFECT (SUCK AS CELL PRESSURE PERTURBATION) DURING 
FIRING. 

11. NO EVIDENCE OF PROBLEMS IN TC PROCESSES DIKING EH-2 MOTOR MANUFAaURE. 

12. X-RAYS Of BILLET (FROM WHICM DH-2 EXIT CONE PRODUCED) CONTAIN INDICATIONS OF 
LOW DENSITY AREAS. 

13. DN-2 NOZZU TAG END SPECIMENS AND THOSE FROM CROUP EXHIBIT LOWEST RECORDED 
SIS AND COMPRESSIVE STRENGTH. 

14. RECENT CONES PROM SUBSEQUENT LOTS HAVE LOW, Olir-OP-SPrX CTRCUMFEREKTIAL 
TENSION VALUES. 

15. TWO LOTS or MATERIAL USED IN DM-2 CONE. 


Plgur* 4.4.1 
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4. A, I 


STAR 46 (DH~2) Failurt Invtscigation Pttlivtlnary Concluiloni 
and AnaXyala 


Tha prtlladnary conclueiona, iMatd on the Inforaatton asaasAd by the 
Invcatlgatlve body» arc contained In Figure 4.4. 1.1* 


PiELWmRY CONaUSiOHS 


0 NO EVIDENCt or PESICN DCFICIEHCY OONTRlIimNC TO rAXLURE (.'■ ’>DniONAl, 
THClHOSTtUCTUlUL ANALYSES TO AE OONDUCTEO) 

0 NO EVIDENCE OF INCORRECT FABRICATION OR DAKACE TO ANY FART(S) DURIN 
NOZZLE ASSIHBLY OFERATIONS AT THIOKOL 

6 REVIEW or RADIOCRAFHS INDICATES ALL NOZZLE ASSEMBLY CCMFONENTS FROrERLY 
1N5TALUD (OAFS OORRECT, lEUTIVE POSITION OF PARTS CORRECT), 

• NO EVIDCNa or PRETEST OAHACX TO NOZZU ASSEMBLY (RECENT STAR 37X/ 
EXPERIENCE AT AEOC INDICATES SUCH PRETEST DAMAGE CAN OCCURS ABILITY 
TO DETECT DAMAGE DEPENDS ON EXTENT AND NATURE OF DAMAGE). 

0 NO EVIDENCE OF IK?AQPER EXTERNAL ENVIRONMENT DURING DN>2 FIRING (CELL 
PRESSURE PERTURBATIONS. ETC.). 

0 AVAIUBLE DATA AND RADIOGRAPHS PERTAINING TO DH-2 EXIT CONE REVEAL 
SEVERAL AREAS OF CONCERN (LAMINATIONS MORE PRONOUNCED ON RADIOGRAPHS. 
SBS VALUES LOWER THAN PREVIOUS). 

0 REVIEW AT RITOO INDICATES EXIT CONE MANUFACTURING PROCESS NOT WELL 
CONTROLLED (IMPERFECTIONS IN PATTERNS, CUT IN WRONG DIRECTION, ETC.). 

0 EXIT CONE WITH UNDETECTED FUWS HOST PRORABU CAUSE OF FAILURE RASED 
ON EVIDENCE AVAIUBLE AT THIS TIME. 

o RADIOGRAPHIC INSPECTION OP CARBON/CARBON EXIT CONE IS THE BEST HOT 
TECHNIQUE KFINED TO DATE. 


Figure A.A.l.I 

During our analyais of that Information, three items were of apeclal Interest 
and aignlf Icance. 

o The first appeared within the description of the various 
nondectructi'c testing methods end concerned reverberation. 
As stated, ’’auccess fully fired exit done pieces reverberate 
when at ruck - DM*2 did not*’. Thle procedure la obviously 
quite easy to perform by both the vendor of the item at the 
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tloM of eanufacturt wtXX •• th« prlM concractor during 
accoptanciy and provldti an aapXt indication Chat a aanui'ic* 
curing dtficitncy aay axiaC. Xt wjuXd appear chat XlCCXc 

ar 

credenct wai pXacad on Che raauXCa of Chat CaaC ai it per" 
ealned Co DM"2* 

o The aecond appeared within the deacription of the radiograph 
teat whereby aXX parte of the exit cone arc checked for un- 
ueuaX indicationa. In thia inatance the cooments atated^ 

"the itea(a) were free of unuauaX indicationa and Che Xow 
denaity Xlnea in the forward E.O.P. obaerved in S/N Oil (DM-2), 
although Bore pronounced, are characteriatic of aoat coneio" 

In our opinion, the worda, "although core pronounced" are 
eapeciaXXy aigniflcanC and again atrongXy auggeet that an 
unusual indication may indeed have existed • In both of these 
cases, proper administration of quality control procedures 
appear to have been set aside and nay have contributed to the 
failure of the DM-2 STAR 48 motor. 

o The third item concerned the potential of an outside facility 
force providing the impetus for motor failure. The test cell 
pressure contour was analyzed to determine whether or not an 
excessive back pressure may have initiated the chain of events 
which culminated in the failure. The test cell pressure contour 
confirmed that the test cell pressure was approximately .2 PSl 
from Che time of motor ignition until the Initiation of exit 
cone breakup (some five seconds later). At that point, the 
pressure Jumped rapidly to approximately 1.5 PSl which coin- 
cided with our computed value of the cone exit plane pressure. 
The test cell is evacuated by a steam ejection system which in 
normal operation under test is assisted by Che motor exhaust. 

The motor should be axially located within the test cell ejec- 
tor aystem in a manner which permits the exit cone plane to 
geometrically match the steam c jector/mixing chamber. When 
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the cone leparated, those geometric and flow patterns were 
upset leading to the rapid buildup of pressure (to 1.5 PSI) 
within the test cell. As such it was extremely unlikely that 
a facility pressure malfunction preceded the motor failure. 
Our analysis confirmed the investigati^re body's preliminary 
conclusion that “there was no evidence of an external effect 
(such as cell pressure perturbation) during firing". i 


In Figure 4. 4. 1.2, the cross-section of the nozzle of the STAR 48 DM-2 
motor has been subdivided into a series of area ratio lines. In addition 
calculated pressures and Mach numbers which exist at those area ratio lines 
are also presented as well as a pressure distribution contour. 

WGZZLt AtSEMILV (OM.J) 












thegia values were computed using an average gamma value of «■ 1*15. Also of 
interest In Figure 4.4. 1 *2, is that point K marks the .juncture of the carbon- 
carbon cone and the throat assembly. Apparently, the carbon-carbon layer is 
at its minimum thickness at point X; hence, is a critical dusign feature of the 
cone. With only a minor variation in the manufacturing process, the thickness 
at that point could be reduced below the acceptable limit thereby making that 
point extremely sensitive to pressure Ind-'ced forces coupled with temperature 
induced stresses. These latter stresses could approach maximum values at 
approximately five (5) to ten (10) seconds after motor ignition. 

Based on our analysis of the available information, we conclude that the 
failure of the STAR 48 (DM-2) motor was prompted by procedural deficiencies dur- 
ing the manufacturing and/or testing processes wt\ich adversely Impacted quality 
control. Moreover, a design weakness probably exists at the juncture point of 
the carbon-carbon cone and throat assembly. It is noted that additional thermo- 
structural analyses have been or are to be conducted which may serve to better 
define ?he extent of that design weakness. 

5.0 SVM Motor Description 

The SVM motor secies SVM-1, -2, -4A, -5, -6, and -7 was developed by the 
Aerojet Solid Propulsion Company, a division of Aerojet General. Each of these 
motors is characterised by a glass filament (S-901) wound case, a composite 
propellant, front end ignition, and a high mass fraction. Figures 5.1 and 5.2 
as supplied by Aerojet contain additional information regarding the SVM-2 motor 
description and performance characteristics. 

The development of this series of high per'^ormance motors was based on 
nearly a decade of experience on civ® Minuteraan program wltereln that mocor design 
was sized, optimized, and adapted for use as a high performance spacecraft 
motor prossessing a specific impulse of 280-290 seconds. Overall this motor 
series is noted for its high reliability. 

The SVM-2 motor was employed by NASDA as the AKM for the KIKU H, AYAME I, 
and AYAME II space flights. Although the latter two of these flights were 
deemed unsucressful, there is no hard evidence which can point to AKM failure 
as the governing causal event. 
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'COMPOSITE PLASTIC NOZZLE 
■TUNGSTEN THROAT 
■PREMOLDED RUBBER INSULATION 
FILAMENT WOUND GLASS CASE 
ANB.3056 PROPELLANT 


INTRODUCTION 

This Space Vehicle Motor (SVM'2) was developed 
and qualified for placing the Intelsat III communi’ 
cations satellite in a precise geosynchronous orbit. 
The SVM'2 is qualified for use as an apogee boost 
motor or other space use requiring a precisjon'made 
controlled'impuise motor. During the program, 28 
motors were built, with 20 tested and 6 delivered 
for flight use, This program scope could be sub- 
stantially reduced for verification testing of similar 
motors in this impulse range. 

MOTOR DESCRIPTION 

The SVM-2 is a 22.25-in. «dia motor delivering a 
total impulse of 86,900 Ibf-sec with an average 
thrust of 3,140 Ibf over a total duration of 27.6 
sec. This performance is provided at 'f60®F and 
vacuum, The motor weighs 350.2 Ibm and is 35.0 
in. In overall length. Motor attachment to the 
spacecraft is accomplished by an integral, alum- 
inum thrust ring that can be modified to suit spe- 
cific spacecraft requirements. The light-weight 
motor case is wound from S-901 glass filament and 
incorporates Integral forward and aft aluminum 
polar bosses for igniter and nozzle attachment. 
Motor length is easily varied by an increase or de- 
crease of the case midsection length, thus providing 
a range of propellant loading for impulse flexi- 
bility. The submerged nozzle consists of an alum- 
inum housing, supporting a reinforced-phenolic en- 
trance section and exit cone, with a silver-infil- 
trated tungsten throat for precise control of the 
thrust vector during firing. The propellant/liner/ 
Insulation system is the same as used in the SVM-1, 
-4A and -5 motors and has a real time base experi- 
ence in excess of 8 years gained on the Aerojet 
Minuteman programs. The propellant, a production 
carboxy-terminated polybutadiene (CTPB), has a 
demonstr/ited 3-sigma total impulse variability of 


less than 0,75% in all SVM motors tested. The in- 
ternal case insulation is premolded from a silica- 
filled polybutadiene material, which has oeen fully 
qualified and characterized in its erosive and 
thermai oroperties under actual motor conditions. 
The liner is 2 filled imine-cured CTPB binder, This 
system has been demonstrated in static and flight 
tests of many SVM and Minuteman motors. The 
igniter consists of a tape-wrapped glass-phenolic 
chamber containing boron potassium nitrate (BPN) 
as the pyrotechnics for both the initiator and main 
charges. Except for size, the igniter is the same as 
that used in SVM-4A and -5 motors. The safe-and- 
arm device, with two electrical initiators (1 amp/1 
watt), is a fully qualified unit meeting all require- 
ments for use at the Air Force Eastern Test Range 
(AFETR). It is also used In the SVM-4A and -5 
motors. All materials (glass filament, aluminum, 
glass- and carbon-reinforced phenolics, tungsten 
throi^t, rubber insulation, propellant, BPN) have 
been proven In several hundred other Aerojet 
motors for strategic, tactical, and space appli- 
cations. 


TEST ENVIRONMENT 

The SVM-2 motor has been thoroughly tested dur- 
ing qualification. Results of sinusoidal and random 
vibration In three axes and flights of eight motors 
demonstrated motor ruggedness for shipping, hand- 
ling, and flight environments, Four and one half 
temperature cycles from +20 to +100‘'F qualify 
the motor for the temperature range to be ex- 
pected in normal use, Twenty motors have been 
test fired at a simulated altitude of 100,000 ft 
while spinning and at temperatures of +20 to 
+100“F. All motors successfully performed to 
specification requirements. In addition, five Intel- 
sat III communication utellites have been success- 
fully placed into geosynchronous orbit. 


Figure 5.1 
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6.0 


AYAME I/AYAME H/KIKU II/STAR 48 (DM-2) Correlation 


The Universal Systems, Inc. study entitled "Implications of Ayame Failure 
for the Delta' Project", dated September 7, 1979, contains detailed Information 
relative to the failure of the Ayame I on/about February 9, 1979 during the 
firing of the AKM. In analyzing the Ayame I failure, the flight profile of the 
successful KIKU II engineering test satellite (launched on February 23, 1977) 
was used as a baseline since the KIKU II configuration was essentially the same 
as the Ayame I. Based on that analysis it was concluded that the YO-welght 
deployed prematurely during the spln-up of the third stage/spacecraft. Upon 
separation of the spacecraft from the third stage, a collision between the two 
bodies took place when "chuffing" of the third stage motor occurred. Although 
the spacecraft did not suffer catastrophic damage, "coning" was experienced 
and the rotational speed was reduced from 90 to 60 rpm. Communications from 
the spacecraft continued to function until shortly after the firing of the AKM, 
some two days after the collision. Lastly, it should be noted that the space- 
craft was later found to be in near GEO orbit. 

Ayame II failed in almost the Identical manner with the exception that the 
third stage/spacecraft separation was without incident. To date, the Ayame II 
spacecraft has not been located although we suspect that it is also in near GEO 
orbit . 

Figure 6.1 contains a listing of the most probable causes for the mission 
failures of the Ayame I and Ayame II, as well as the destruction of the STAR 48 
(DM-2) motor during test. Our comments and conclusions based on our analysis 
of available data are also Included. We are convinced that from a technical 
and engineering point of view there is no correlation between the Ayame failure 
{nodes and the STAR 48 (DM-2). However, the close similarity between the two 
failures (loss of signal) of Ayame I aiid II and our analysis of the associated 
data lead us to believe the spacecraft AKM functioned properly in both cases, 
and the failures can probably be attributed to some malfunction within the 
electrical system. 

As an aside, it is further noted that the RCA Satcom III C (Delta 150) 
apparently failed in an Identical manner in December 1979. That failure is to 
become the subject of a follow-on report. 
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rOTCNtlAL FAILURE HODES AYAKE 1. AYAHE 11, STAA-41 <DH-2) 


TYPE FAILURE 

CAUSATIVE 

FAaOR(S) 

FROiABU EFFECT 
IF OCCURRING 



ANALYSIS 

CONCLUSION 

A. Proptilanc 
Graln/Caic lond 
Crack or 
Saparatlon 

!■ 

t. Improper 
Fabrication 
and Curing. 
2* Faulty 
Ingredients. 
3. Improper 
Handling. 

Increased rate of 
burning with attend- 
ant highor chamber 
preaaure 

1. Carried to an extreme, 
could cause rupture with com- 
plete motor failure 

2. Compoaita propellent could 
be extinguished 

3. No evidence of this type of 
event causing mission failure 
within AYAHE 1, AYAME 11, or 
STAR 46 (DM-2 ), (KIKU 11 was a 

success) 

Extremely unlikely 
to have occurred. 

B. Igniter 
Aaseably/ 
Ignition 
Trans icnta 

1. Improper 
Igniter 
formulation 

2. Interruption 
of exploaiye 
train 

1. Propellant fella 
to ignite. 

2. Ignition transients 
ere always present, but 
in this case, the tran- 
sients Would develop a 
chamber pressure in ex- 
cees of that which the 
motor case could with- 
stand. 

1. No evidence of ARM failure 
to ignite in AYAHE I or AYAME 
11 (KIRU II was a success) 

2. No evidence of Ignition 
transients exceeding epeclfied 
limits in AYAHE I, AYAHE II or 
STAR 48 (DH-2) 

3. RIKU II, AYAHE I and AYAME 
II ARMS all functioned proper- 
ly based on tslemctry/test 
data reflecting nominal cham- 
ber pressure traces. 

Entremcly unlikely 
to have occurred. 

C. Cone 
Rupture 

1. Improper 
fabrication 

2. Design 
weakness 

3. Improper 
handling 

4. Improper 
materials 

5. Faulty 
quality 
control 
inspection 
techniques 

1 

1. Reduction in thrust | 1. No evidence of cone fail- 

2. Prsodcl-Meyer j urc/damage in AYAME II 

expansion damage I 2. Possible damage in AYAME 1 

1 3. KIKU It successful 

i 4. Loss of cone - STAR 48 
1 (DM-2) 

1 5. For AYAME I, no evidence 

1 of adverse impact on perfor- 
1 isance of ARM. 

I 6. Faulty quality control in- 
I epcction techniques for STAR 
1 48 (DH^'I) See paragraph 4.4 

I this report. 

1 7. Possible STAR 48 (DH-2) 

i design weakness. See para- 
i graph 4.4 this report. 

1. Unlikely that 
conr failure can 
be attributed to 
AYiHE 1 or 11 
miitslon failures 

2. Quality control 
inspection tech- 
niques applicable to 
STAR 48 need to be 
rectified 

3. STAR 48 cone 
design integrity 
needs to be con- 
firmed . 

D. Electric 
Power System 

1. Improper 
grounding 
(ground loops) 

2. Excessive 
anvlronmental 
factora during 
flight profile 
(vibration, 
thansal atreas, 
ate.) 

3. Impropar 
countdoim 
procedures/ teat 

4. Excaaslve 
electrical 
aurga or drain 

1 

Communication failure 1 A potential existed for f;he 

1 formation of a low voltage 
1 plasma in vacuum conditions. 

1 If so, continual arcing could 
1 prematurely drain the availa- 
1 ble power supply thereby ceus- 
1 im low voltage to be dcliv- 
i ered to the communications 
j equipment. {Since the "C'* band 
1 beacon ia SKite sensitive to 
1 low voltage than the telemetry 
1 equipment, i^ C'C bend beacon) 
1 would cease to function prior 
1 to the telemetry eyetem. Nor- 
i mally such arcing would not 
1 occur unleaa provoked by aome 
1 stimulus. Carbon fibers re- 
1 leased during the ablative 
I process might possibly provide 
i thet atimulus. 

1 

1. Electrical power 
failure is the most 
probable cause of 
AYAME I and AYAME II 
miaston failures. 

2. A test program to 
ascertain the impact 
of carbon fibers 
released through the 
ablative process or 
by cone rupture on 
electrical power 

eye terns in vacuum 
conditions in 
desirable. 


Figure 6.1 
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7.0 


Massive Nozsle Failure Postulation 


Rather than attempting to examine varlfxis apogee kick motors, l.e. , SVM-2, 
SVM-*?, STAR 30B, etc., and postulate specific massive nozzle failures for each, 
we have elected to base our postulation on a progressUon of failures of the 
nozzle exit cone and the resultant changes to the area ratio between the nozzle 
exit cone and the nozzle throat. Accordingly, Figure 7.1 is a table which re-; 
fleets the loss of thrust coefficient as more of the nozzle Ip. progressively 
lost. It is to be noted that the first two entries are descriptive of the 
STAR 48 PAM configurations. All of the values were derived using c gamma value 
of 1.15 and a chamber pressure of 600 psla und«r vacuum conditions. The 600 
psia chamber pressure is a nominal value for high performance motors to include 
the SVM-2, SVM-7, STAR 48, and STAR 30B. 
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Figure 7.1 
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In Figure 7,2, the effect on the transfer orbit of the changes to a number 
of the area ratio and thrust coefficients from Figure 7.1 are identified. The 
symbology used within Figure 7.2 is defined below. 


A/ A* 

Cf 

Ra 

Rp 

Va 

Vp 

e 

Period 


area ratio 
Thrust coefficient 

Radius of apogee from center cf earth in statute miles 
Radius of perigee from center of earth in statute miles 
velocity at apogee in feet/second 
velocity at perigee in feet /second 

eccentricity of orbit calculated by the equation ^ ^ l-Rp/R/i. 
time elapsed for one orbit 1+Rp/Ra 


In developing the data a 100 nautical mile (114 statute miles) circular LEO 
was used as the standard for evaluation of the third stage loss of performance. 
Likewise the change in velocity ( V) required to move from LEO to a transfer 
orbit possessing the correct apogee distance of 26,275 statute miles was 8087 
feet/second. 

Transfer Orbit Parfonaanca toaa 
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/8,368 


4,079/ 

In, 


0.588229 


375 


5.5547 hra 
5 hra 33 min 17 sac 


1.235 


10,375/ I 
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PlKure 7.2 



If oolld wotors «re used for the third stage and AKM and the third stage/ 
spacecraft are spin stabilized » the impact of the degradation of performance as 
shown in Figures 7.2 and 7.3 would probably lead to mission failure. 

In Figure 7.3 the .effect of the changes to the area ratio and coefficients 
from Figure 7.1 on the orbit parameters are identified. The symbology used 
within Figure 7.3 is the same as for Figure 7.2. In developing the data reflec- 
ted in Figure 7.3, a change in velocity of A, 860 feet per second was used as the 
standard to move from an ideal equatorial transfer orbit to GFiO. 
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Figure 7.3 
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8.0 


RsficapltuXaclon 


In thla at^aapt to aatabliah a corralation batvaan tha At^aaa 1» Ayaaa II 
and STAR 46 (DH-*2) falluraii the ratio bat%iaan tha araaa of tha nossla exit 
plana and tha noasla throat waa uaad at tha coaaon analytical vehicle and the 
■uccaaaful KXKU 11 alriilon flight profile aarvlng ua tha baaellna for coaparlaon. 
Early In the analytical procasa, It becane evident the STAR 48 failure bore no 
relation to the Ayaoe I and IX failure! . Nevertheleaa the STAR 48 test data 
did provide values which pcmltted the pertinent use of dlscrlptlve elMptlcal 
equations and properties as well as earth orbital dynamic equations and proper- 
ties (See Appendix 3 and 4). From these equations, the Impacts on both transfer 
and GEO orbital parameters due to progressive losses of the nozzle cone (as they 
affected the area ratio) were computed. 

Applying the computations to Ayame 1, It first appeared that the perigee 
of the GEO orbit reported by NORAD (subsequent to loss of signal) might have 
been caused by the loss of approxlzsately one-third of the nozzle (a reduction 
of 50% In the area ratio). Such a loss was plausible depending on the force 
of collision between the third stage and the spacecraft prior to AKM firing. 
However, the Increase In the GEO apogee, as compared to the apogee of the 
transfer orbit, could not have occurred If a rertlal loss of AKM nozzle had 
In fact been experienced. Ultimately we concluded a more logical explanation 
to account for the changes In the GEO apogee and perigee was the orientation 
of the spacecraft due to the coning caused by the collision. Assuming an 
approximate 5* pitch orientation toward earth at time of AKM firing, a GEO 
orbit with the Ayame 1 parameters report^isd by NORAD was entirely feasible. 

He feel this explanation to be more representative of what happened to the 
Ayame X spaceerj^ft. We attributed the loss of signal to an unexplained elec- 
trical power failure. 

With respect to Ayame XX, there Is still little data available upon which 
to reliably establish a failure mode. Communication «rlth the spacecraft ceased 
during the mld-alght second burn of the AKM but no hard evidence exists of either 
motor malfunction or spacecraft "coning** prior to the AKM firing. To date the 
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spacecraft remains unlocated. Since the spacecraft was in a nominal transfer 
orbit at time of AKM flrlng> we are of the opinion the spacecraft la probably 
in a GEO orbit which deviates to some degree from the planned parameters. We 
believe an unexplained electrical power failure also caused the termination of 
signal frw the Ayame IT spacecraft. 

From our analysis » we recommend: 

(1) Quality control measures and all procedural activities he reviewed 
with the objective of “tightening” existing techniques. The focus of this 
effort to be placed on the system contractor. 

(2) More emphasis be placed on government monitoring of contractor/ 
subcontractor activities. 

(3) Improve communication between government agencies relative to pro- 
grammed operations for the purpose of increasing Iviterdepartmental awareness 
and potential support. 

(4) The application of acoustic holography testing be evaluated for 
potential application to nozzle acceptance procedures. 
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APPENDIX I 


EQUATION SYMBOLOGY WITHIN APPENDICES 


Cgijo - Eccentricity of geocentric earth orbit 

eto ” Eccentricity of trenefcr orbit 


*^geo 

^toa 

^top 


height of geocentric earth orbit 
height of tranafer orbit apogee 
height of tranafer orbit perigee 


Ra 

*^earth 

^geo 

Rp 

Rtoa 

^top 

Va 

Vgsc 

'^geo 

Vh 

Ve 


'^e surf 
^toa 

Vtop 

u 


radlua of apogee when angle of radlua vector equals 0* 
radius of earth 

radius of geocentric earth orbit 

radius of perigee when angle of radius vector equals 18Q“ 
radius of tranafer orbit apogee 
radius of transfer orbit perigee 
velocity at apogee In feet/ second 
velocity for escape In feet/second 
velocity at geocentric earth orbit In feet/second 
velocity along the radius vector at a specific orbit point 
velocity perpendicular to the radius vector at the same specific 
orbit point corresponding to 
velocity at perigee In feet/second 

velocity at surface of earth at equator In feet/second 
velocity at transfer orbit apogee In feet/second 
velocity at transfer orbit perigee in feet/second 
angular rate In seconds 
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APPeNDIX II 


TRANSFER AND GEOCENTRIC EARTH ORBIT VAl.UES 

« 


K 

top 

*^top 



hgeo» 

Rgeo» 


^toa 

*^toa 

^top 

Rtop 

“geo 

^e surf 

'^geo 

Cgeo 

®to 

'^top 

Vtoa 

*^earth 


35,786 km or 22,236 statute miles 
42,264 km or 26,275 statute miles 
185.3 km or 115.2 statute miles 
6566 km or 4080 statute miles 
0.000072722 radlans/sec. 

1522 ft. /sec. 9 equator 
10,086 ft. /sec. 

0 

0.73118 

33,602 ft. /sec. 

5217.8 ft./sec. 

3965 statute miles 
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APPENDIX III 


DESCRIPTIVE ELLIPTIC EQUATIONS I PROPERTIES 



Ba^ic Polar Coordinate Equation 



Derived Related Descriptive Equations 



or solving for p; 

p - Rp (I + e) - Ra (I - e) 

Note: Cosine 0 ■ 1 when 6 ■ 0* and 180* 
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APPENDIX IV 


EARTH ORBITAL DYNAMIC EQUATIONS & PROPERTIES 


The basic conservation of energy equation used for analysis In this report 
for orbit Injection Is: 



In orbit conditions 


Injection conditions (l) 




IV + ''e 

■V 

kinetic 
energy 


potential kinetic 
energy energy 


potential 

energy 


Noting that the earth escape velocity can be expressed as: 

V ^ ■ 2aR 
*esc ® e 

the energy may be written In the following forms: 


esc 


esc 


esc 


✓ R R V 

(- - —J 

K K R. ✓ 


Further noting that Vjj - 0 at apogee and at perigee where ■ Vp and Rj - Rp 
the energy equation takes the form of: 


V 


esc 


esc 


K \ 


Taking Into account that the moment of momentum at perigee must equal that at 
apogee* i*e>: 


RpVp - RaVa 


It follows that: 


esc 


R 

a 


OR 


esc 


2 / ^ 


R 

1 + 
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APPENDIX IV - Page Two 


or noting that: 


R V I + e 

a p 

the latter two equations may be reduced to: 



or solving for V^/Vp: 



* 
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